SUMMARY The right ventricular (RV) response to exercise was assessed in 32 patients with angiographically documented coronary artery disease and in 14 normal controls without cardiopulmonary disease. The relationships between exercise RV reserve, exercise left ventricular (LV) reserve, and the presence of proximal right coronary stenosis were also evaluated. RV and LV ejection fractions were determined using first-pass radionuclide angiocardiograms. The normal response to exercise was at least a 5% absolute increase in RV and LV ejection fractions. In the group with coronary artery disease, RV ejection fraction either decreased or remained the same with exercise (abnormal exercise RV reserve) in 19 of 32 patients. LV exercise reserve was abnormal in 26 of 32 patients. All 19 patients with abnormal exercise RV reserve had abnormal exercise LV reserve, and all six patients with normal LV reserve had normal RV reserve. There was a significant linear relationship between the direction and magnitude of change from rest to exercise of LV ejection fraction and RV ejection fraction (r = 0.77). In contrast, the RV response to exercise was not primarily dependent upon the presence or absence of proximal right coronary stenosis. These data suggest that abnormal exercise RV reserve occurs frequently in coronary artery disease and that the concomitant LV response to exercise appears to be its major determinant.
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IN ASYMPTOMATIC coronary artery disease, right ventricular (RV) performance usually is normal in the resting state. Abnormal RV function in patients with acute myocardial infarction occurs almost exclusively when the infarction involves the inferior wall, where the ischemic process probably extends beyond the borders of the left ventricle to the adjacent right ventricle.'`6 RV infarction in the absence of LV infarction occurs rarely' and is usually associated with complete occlusion of the right coronary artery.7
While previous radionuclide studies have evaluated LV performance during exercise in patients with coronary artery disease,8'" little is known about concomitant RV responses to either exercise or transient myocardial ischemia. We studied RV performance during exercise in patients with coronary artery disease and in normal subjects using first-pass radionuclide angiocardiography, a technique well suited for assessing RV and LV ejection fractions during stress,12 and evaluated the relationships between exercise RV reserve, exercise LV reserve, and the presence of right coronary artery stenosis.
Methods Patient Population
Thirty-two patients with angiographically documented coronary artery disease and 14 normal controls were studied. Of the 14 control subjects, eight were normal volunteers without clinical or electrocardiographic evidence of cardiopulmonary disease. The remaining six controls were patients who underwent diagnostic cardiac catheterization for evaluation of chest pain and whose hemodynamic and angiographic studies were normal. Of the 32 patients with coronary artery disease, 26 were male and six female; their mean age was 52 years (range 33-66 years).
Within 2 months of their exercise radionuclide study, all patients with coronary artery disease underwent selective coronary angiography in multiple views. Patients were clinically stable, without any symptomatic changes between the two studies. Two experienced observers without knowledge of the radionuclide data reviewed the coronary angiograms, and a consensus was used in data analysis. Coronary artery disease was defined angiographically by the presence of at least 50% decrease in luminal diameter in one or more of the coronary arteries. The severity of coronary artery stenosis was judged on the basis of the view that showed the maximal decrease in luminal diameter. Stenoses of the right coronary artery were defined as either proximal (involving the major blood supply to the right ventricle) or distal (primarily involving the blood supply to the inferior wall of the left ventricle and not primarily the right ventricle). Stenoses of major marginal branches of the proximal right coronary artery that also supplied the right ventricle were classified as proximal lesions of the right coronary artery. Stenoses were considered distal EXERCISE RV FUNCTION IN CAD/Berger et al. lesions when they occurred past the origin of the last major RV marginal branch. Fourteen patients had single-vessel disease (four proximal right coronary artery, two distal right coronary artery, five left anterior descending and three left circumflex); twelve had double-vessel disease (five with proximal right coronary stenosis); and six had triple-vessel disease (all with proximal right coronary stenosis). Thus, 15 patients had proximal right coronary artery stenosis.
Seven patients had a documented transmural myocardial infarction at least 6 months before the exercise radionuclide study. Based upon standard electrocardiographic criteria,'3 infarction was inferior in four patients and anterior in three (including one each with proximal right coronary artery disease). No patient had significant valvular heart disease or unstable angina or was receiving propranolol or digitalis at the time of study. No patient had clinical or radiographic evidence of pulmonary disease. Pulmonary function tests were obtained routinely in 23 of 32 patients and were normal in each case.
Informed consent was obtained from all participants in the study.
Exercise Protocol
First-pass radionuclide angiocardiograms were obtained with a computerized, multicrystal scintillation camera (Cordis-Baird System-77, Bedford, Massachusetts) first at rest and again during peak exercise.8 Before the actual study, patients were familiarized with the imaging laboratory and the exercise protocol. Heart rate, sphygmomanometric blood pressure and ECGs (including three orthogonal leads and a bipolar CC5 lead) were obtained at rest before exercise and at 1-2-minute intervals during and after exercise.
Upright exercise was performed on a variable-load bicycle ergometer (Tunturi Co., Amerac Corporation, Bellevue, Washington) according to a previously described protocol.8 Briefly, patients pedaled at a constant speed, beginning at a load of 300 kilopondmeters (kpm)/min. Every 3 minutes, the load was increased by 150 kpm/min. Maximal exercise was continued until the development of either symptomlimiting fatigue or at least 0.1 mV (1 mm) horizontal or downsloping ST-segment depression at least 0.08 second in duration. Exercise was not terminated because of chest pain alone, leg discomfort or achievement of predicted heart rate.
Radionuclide Technique
An 18-gauge, 11/2-inch polyethylene catheter was placed in a right antecubital vein for radionuclide injection. All studies were performed with the patient in the anterior position with the camera's detector rotated from the conventional horizontal orientation so that it was directly in front of the chest. For the resting study, the patient sat on the bicycle with his or her feet on the pedals in a position identical to that used during the subsequent exercise study. The exercise radionuclide angiocardiogram was performed following day, as previously described.8 High-specificactivity technetium-99m pertechnetate or technetium99m sulfur colloid (10-15 mCi) was used. The exercise radionuclide angiocardiogram was obtained at the peak exercise load. As the radionuclide injection was made, patients were instructed to stop pedaling abruptly. Radionuclide data were recorded as the bolus traversed the central circulation without artifacts from vigorous exercise. At exercise heart rates, the RV and LV phases of the first-pass study were both completed in less than 10 seconds. In no case did heart rate drop by more than 5 beats/min during the brief period of data acquisition.
Radionuclide Data Processing RV and LV ejection fractions were determined from first-pass quantitative radionuclide angiocardiograms using standardized techniques previously reported by this laboratory.'2 14-i6 Ejection fractions were calculated from end-diastolic and end-systolic counts using background-corrected regional radionuclide time-activity curves emanating from the individual cardiac chambers. The same techniques for background correction were used for both rest and exercise studies. These approaches were initially validated in patients studied at rest, and errors might be introduced when these same techniques are applied to patients during exercise. Nevertheless, this approach already has been applied to the study of LV function during exercise and has yielded consistent and reliable results.8 These measurements of ventricular function can be obtained with minimal interand intraobserver variabilities and are reproducible in sequential studies.',2 [14] [15] [16] Statistical Methods Data are expressed as the mean ± SEM. Comparisons of radionuclide data at rest and during exercise were made using the paired t test. Analysis between groups was made using the t test. The occurrence of factors potentially determining exercise RV dysfunction was compared using the chi-square test. Correlation coefficients and regression equations were obtained using standard formulas. Probability < 0.05 was considered significant. Three of four patients with single-vessel disease involving only the proximal right coronary artery had abnormal exercise LV reserve. Two of these three patients also had abnormal RV reserve. However, two patients (nos. 1 and 2) had normal increases in RV ejection fraction despite proximal right coronary artery stenosis. Discussion First-pass radionuclide angiocardiography is a wellsuited technique for noninvasive assessment of biventricular performance, because of the anatomic and temporal separation of radioactivity within the two ventricles during data acquisition.12 Determination of ejection fraction is based upon changes in regional count-rates and thus is free of geometric assumptions concerning the different shapes of the two ventricles. The functional geometry of the right ventricle probably plays a major role in the dependence of the right ventricle upon the concomitant LV response to stress. 20 The convex interventricular septum and the concave RV free wall form the boundaries of the RV chamber. These two broad surfaces surround a narrow space, giving the right ventricle a large surface area compared with its volume. The inward motion of the RV free wall toward the septum is the major contractile movement in RV systolic performance. LV contraction increases the curvature of the septum, but this probably contributes relatively little to RV systolic performance. Because of its thin free wall and large surface area, the right ventricle cannot adapt as readily as the left ventricle to the development of high intracavitary pressure under comparable loading conditions. In this case, the RV myocardium would need to develop far greater tension than the LV myocardium as resistance to outflow increases. These anatomic insights support the concept that RV performance is highly afterload dependent.
The interrelationship of altered RV afterload and LV dysfunction during stress in coronary artery disease is supported by hemodynamic studies in patients with angina pectoris. Several investigations have shown abnormal elevations in LV end-diastolic and pulmonary artery pressures in response to exercise in patients with coronary artery disease.2' 24 The frequency and magnitude of these hemodynamic abnormalities were generally greater in patients who had electrocardiographic evidence of myocardial ischemia. Further indirect evidence for the occurrence of pulmonary vascular effects associated with exercise in coronary artery disease is provided by Nichols et al.,2' who evaluated changes in pulmonary blood volume using inhaled "IC-carbon monoxide and a positron camera. They found that pulmonary blood volume increased significantly in nine anginal patients with an ischemic response to exercise, but decreased in six patients without angina or an ischemic response. Thus, although hemodynamic abnormalities induced by stress are primarily manifested as LV systolic dysfunction and altered LV compliance, they also result in elevated RV afterload. These changes in pressure-volume relationships would be expected to occur in patients with abnormal exercise LV reserve as determined by radionuclide angiocardiography and would be expected to result in secondary RV dysfunction as a consequence of altered afterload.
Preliminary reports by Johnson et al.26 using a firstpass radionuclide technique and by Maddahi et al.27
using gated cardiac blood pool imaging have described results that differ somewhat from those in the present study. They suggest that right coronary artery disease may play a more important role in determining the RV response to exercise. The reasons for the apparent difference are not readily evident but may be due in the former study to patient selection and in the latter to methodologic factors.
The radionuclide exercise LV function study has become a potentially useful clinical examination. SUMMARY We performed cross-sectional echocardiograms at rest, during supine bicycle exercise, and after sublingual nitroglycerin administration in 28 patients suspected of having ischemic heart disease. Technically adequate exercise cross-sectional echocardiograms were obtained in 20 patients (71%). Ten patients had new areas of reversible segmental dysynergy, and all 10 had significant stenoses of coronary arteries supplying areas of the heart corresponding to the location of reversible dysynergy. Six of these 10 patients also underwent exercise thallium-201 perfusion scanning, and all six had reversible perfusion defects in the area that demonstrated reversible dysynergy on exercise cross-sectional echocardiography. At least two of the remaining 10 patients who did not have reversible segmental dysynergy on exercise cross-sectional echocardiography probably experienced myocardial ischemia that we did not detect. We conclude that exercise cross-sectional echocardiography is technically difficult but feasible. The mechanical consequences of exercise-induced regional myocardial ischemia can be detected noninvasively by real-time, two-dimensional, cross-sectional echocardiography.
REGIONAL left ventricular dysfunction is a hallmark of ischemic heart disease. Segmental left ventricular contraction abnormalities occur within a few seconds after onset of acute myocardial infarction, and appear transiently during episodes of reversible myocardial ischemia. Noninvasive detection of these mechanical consequences of myocardial ischemia and infarction should improve our ability to diagnose and enhance our understanding of coronary heart disease.
Cross-sectional echocardiography provides realtime, two-dimensional tomographic images of the heart. The procedure is being used more frequently in cardiac diagnosis, and has been useful in detecting abnormal left ventricular wall motion during1-3 and after4' acute myocardial infarction. Although we have observed transient segmental left ventricular dysynergy during episodes of variant angina,6 crosssectional echocardiography has not been widely used to detect wall motion abnormalities dueing exerciseinduced angina pectoris. This study was undertaken to determine the feasibility of detecting areas of transient left ventricular dysynergy with cross-sectional echocardiography during exercise-induced myocardial ischemia.
Materials and Methods

Patient Population
We studied 28 patients who underwent cardiac catheterization for clinical evaluation of suspected ischemic heart disease. All patients had experienced
